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Climate change are monumental challenges 

For past 650,000 years, CO2 level = 210 - 300 ppm, now CO2 > 380 ppm
Human actions that contributed to climate change, probability > 90%
Consequence: global temperature increase, sea level increase, death, ice-
free Arctic Ocean by 2050, 1 million species extinction…

Source: IPCC, Science, PNAS 

Co-operative Research Centre for Greenhouse Accounting, 2001

Definitive evidence



Australia is very vulnerable to climate change 

climatechange.gov.au

By 2030, a further 1ºC of warming in
temperature

Up to 20 per cent more months of drought

Up to 25 per cent increase in storm and   
high bushfire propensity days

Australia has a climate-sensitive economy,  
e.g. a gross loss of $6.9 billion in farm   
production during drought in 2002-03 

80% of Australians living along the    
coastline, $150 billion was estimated at risk   
from rising sea levels and more frequent storms

theage.com.au

climatechange.gov.au
Data source: climatechange.gov.au

The time to act is now!! 



Hydrogen and hydrogen economy 
Future energy: carbon-neutral, renewable 
Hydrogen, zero emission fuel: combustion of H2 does not produce any 
contamination (final product H2O)
In a fuel cell, hydrogen could get twice the efficiency as a gasoline engine
Building an energy infrastructure with hydrogen as an energy carrier
• Hydrogen must be liquefied or compressed to increase the energy density
• Transportation by truck, ship, or pipeline



Hydrogen does not exist naturally

The most abundant element, but most is chemically bound as 
hydrocarbons, carbohydrates and water - must be manufactured
Energy is needed to extract the hydrogen

Hydrogen production 

Most hydrogen today is made from fossil fuels

Steam Reforming – convert methane in natural gas using steam

CH4 + 2H2O + heat           4H2 + CO2
If heat from CH4: more CO2 released

Naphthas reforming: convert naphthas in 
oil using heat, pressure
Gasification – breakdown coal or 
biomass with heat and pressure



Hydrogen from water 

Direct thermolysis require temperature > 4700 K
Other ways to make H2 from water
• Direct electrolysis
• Thermochemical splitting

Conventional electrolysis not efficient, only ~35% 
Expensive catalysts, e.g. Pt
High temperature heat source (500 ~1000 0C) 
Hydrogen is an energy carrier, not an energy source

A Hydrogen Economy only makes sense if hydrogen is 
produced with non-fossil fuels AND renewable energies



Renewable Energy Sources

At a power level of 1000 W/m2, the solar energy incident on the earth's surface 
is theoretically sufficient to cover all human energy needs.

Hydroelectric

Geothermal

Wind Solar

Biomass



Solar technology

Fast growth in electricity generating 
capacity using solar cells

Why do we need solar water 
splitting technologies?

The major energy need of the world 
is in the form of fuels!! 

Currently derived mainly from fossil 
fuels

Data source: REN21 2006 global status report on renewables



Hydrogen from Sun and Water

Amazon

Artificial photosynthesis: using 
sunlight to split water in oxygen and 
hydrogen
An ultimate solution: infinite, cheap 
and clean energy source for human 
use

Lewis Nature 2001



Semiconductor TiO2 as photoanode
Pt as cathode, Na2SO4 electrolytes
Light is converted into electricity and hydrogen fuel
Energy conversion efficiency (ECE) = 0.3%

A. Fujishima and K. Honda, Nature, 1972

Photoelectrochemical water splitting 

Water splitting principle



Current strategies: engineering the photocatalysts

Band gap engineering: increase the 
light absorption from UV to visible

Engineering nanoparticles of  
photocatalyst to harvest more light 
and to reduce the overpotentials

Engineering the crystal structure, 
crystallinity and particle size to 
decrease recombination of electrons 
and holes 

Using synthetic polymeric 
semiconductors to replace 
expensive materials

Efficiency below 10% benchmark (USDOE)

Searching for more efficient materials!!
New concepts needed!!

Asahi et al. Science, 2001

Liu et al. JACS 2009

Wang et al. Nature Mater. 2009

Polymeric carbon nitride

TiO2 nanowires

Nitrogen doped TiO2



1-n-butyl-3-
methylimidazolium 
tetrafluoroborate

A typical ionic liquid

Advent of ionic liquids



Armand Nature Mater. 2009

Development of ionic liquids



Ionic liquids for fabrication of semiconductor polymers

AgTCNQ (TCNQ = tetracyanoquinodimethane ) is an interesting organic semiconductor 
Modified thermodynamics in ionic liquids enable electrodeposition of the semiconductor in a controlled manner
Engineering the material: nanoparticle size, morphology, crystal structure and etc.

J. Am. Chem. Soc. 2009, 131, 16195



Discovery of photo-induced oxidation of water in ILsDiscovery of photo-induced oxidation of water in ILs

J. Am. Chem. Soc. 2009, 131, 4279

AgTCNQ nanowires can be prepared by photocrystallization in ionic liquids 
using water as an electron donor
Similar photoreaction is NOT observed in conventional solvents 
Ionic liquids provide favourable environments for water splitting
Water has different molecular structure in ionic liquids



New strategies

Engineering water / electrolytes
Using ionic liquids as designer electrolytes for water splitting
Tuning the water state (water splitting electrochemical potential) using ILs
Preliminary tests show significantly enhanced photocurrent using IL electrolytes
Combining ionic liquid approach with the established water splitting systems to 
increase efficiencies

Bias

Anode
n-type semiconductors, e.g. TiO2

Cathode 
Pt, p-type semiconductors
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Designer ionic liquids for water splitting



Outlook

Regional Australia? 

Australia, uniquely positioned to develop and benefit from this new technology
A major world player in both solar energy and ionic liquid-based Green Chemistry
The world’s largest titania supplies 
Abundant sunlight
Surrounded by water
Close to the future energy markets of the Asia-Pacific region: exportation of 

minerals, natural gas, hydrogen fuel, electricity…

Large scale solar hydrogen factories can only be set up in regional Australia: land, 
sunlight, water supply…
Solar hydrogen production can be a part of a solar electricity plant

Fundamental development: ionic liquids chemistry, photocatalysis, new materials…
A lot of science to be understood
More financial support needed

Combine the ionic liquids with more advanced photocatalysts to achieve 10% 
efficiency. TiO2 is cheap and robust, but …

Commercialization: scale up and reduce the cost

Future energy? 


